In the last few years, interest in the offshore Chilean margin has increased rapidly due to the presence of gas hydrates. We have modelled the gas hydrate stability zone off Chilean shores (from 33 • S to 46 • S) using a steady state approach to evaluate the effects of climate change on gas hydrate stability. Present day conditions were modelled using published literature and compared with available measurements. Then, we simulated the effects of climate change on gas hydrate stability in 50 and 100 years on the basis of Intergovernmental Panel on Climate Change and National Aeronautics and Space Administration forecasts. An increase in temperature might cause the dissociation of gas hydrate that could strongly affect gas hydrate stability. Moreover, we found that the high seismicity of this area could have a strong effect on gas hydrate stability. Clearly, the Chilean margin should be considered as a natural laboratory for understanding the relationship between gas hydrate systems and complex natural phenomena, such as climate change, slope stability and earthquakes.
Introduction
Many scientists worldwide have been working to better understand the onshore and offshore distribution of gas hydrate and its stability conditions. Natural gas hydrate is studied for a number of reasons, e.g., hydrate accumulations can store large amounts of natural gas, which could represent a potential energy resource (i.e., [1, 2] ).
Gas hydrates play an important role in the Chilean margin, mainly on account of critical issues concerning their potential dissociation. In fact, any variation in pressure and/or temperature conditions can lead to gas hydrate dissociation [3] . This may occur in the near future, as modelled by several previous studies (e.g., [4] ), since the most recent assessment made by International Panel on Climate Change [5] confirmed that climate change may result in rising ocean temperatures and sea level. The release of huge quantities of natural gas in the water column could affect the marine ecosystem resulting in significant impact to benthic organisms [6] . Furthermore, methane is an important greenhouse gas, so after its release into the ocean, it could reach the atmosphere, resulting in positive feedback for global warming, as underlined by previous studies [7] [8] [9] , although this is still the subject of debate among the scientific community (i.e., [10] [11] [12] [13] ). In fact, many factors prevent the methane from gas hydrate from reaching the atmosphere, such as methane release velocities and rates from the subsurface, and methane oxidation to carbon dioxide by microbial and chemical processes [14] . Topography and major tectonic elements of the study area. The black rectangle shows a sub-set of the study area selected for this work. The modelled area is the shelf-slope system, in which seafloor depths reach more than 500 m b.s.l.
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Materials and Methods

Data Collection and Analysis
Gas hydrate stability on continental margins is a function of hydrostatic pressure, seafloor temperature, salinity, geothermal gradient and gas composition [3] . To model the Gas Hydrate Stability Zone (GHSZ) on the Chilean margin, the above-mentioned data have been gathered through bibliographic sources and available databases. Data analysis was performed using Geographic Information System (GIS) methods.
Bathymetry. In order to consider the hydrostatic pressure in our modelling, a bathymetric model ( Figure 1 ) was downloaded from the GMRT website [41] . For this work, a WGS84 projection was chosen. The selected area from 33 • S to 46 • S and from 77 • W to 71.5 • W was imported and managed in GIS.
Seafloor temperature. Seafloor temperature data are available on the National Oceanographic Data Center website [42] . The selected data for the modelling area were interpolated in order to create a 500 × 500 m cell seafloor temperature grid ( Figure 2A) . A comparison between the bathymetric model and the seafloor temperature distribution suggests that seafloor topography strongly affects water mass temperatures as expected. In fact, colder waters (1 • C) fill deeper basins, while eastward, close to the Chilean shoreline, water temperatures are higher (13 • C).
Water column salinity. Water column salinity data were downloaded from the National Oceanographic Data Center website [42] . The selected data for the modelling area were imported in GIS and interpolated in a 500 × 500 m cell salinity grid. Figure 2B shows a water column salinity that varies between 33 and 34.
Geothermal gradient. Geothermal gradient data have been derived from the heat flow/thermal conductivity ratio. First, the heat flow and the thermal conductivity grids were built. To do this, heat flow data have been gathered, merged together and interpolated in a 500 × 500 m cell grid. They come from direct and indirect measurements. Heat flow data were collected during ODP Legs 141 and 202 [29, 34, 43] . The indirect data have been obtained from seismic data acquired along the Chilean margin, using the heat flow calculation method of Cande et al. [23] and reported in Villar-Muñoz et al. [44] . They show a progressive regional increase of the heat flow values from North to South: from about 24 mW/m 2 , off Valparaíso, to 250 mW/m 2 , close to the Chile Triple Junction.
Conductivity data come from a regional estimate, based on data collected during ODP Legs 141 and 202 [29, 34, 43, 44] . Based on the average measured values, in the northern region the thermal conductivity was assumed equal to 0.85 W mK −1 [34, 44] , whereas in the southern area it decreases to 1.25 W mK −1 [29, 43] . These data were interpolated through a linear regression algorithm in order to build a thermal conductivity grid. Combining the heat flow and the thermal conductivity grids, it was possible to calculate the geothermal gradient grid. Nevertheless, it was not possible to display the geothermal gradient in a map, because the number of data available for the interpolation was too low if compared to the previous two grids. The average geothermal gradient is around 49 • C/km, which is consistent with previous observations [43] .
Gas composition. Based on log and downhole temperature measurements carried out during ODP Legs 141 and 202 [43, 45] , the composition of gas hydrate in these sites is mainly methane. Unfortunately, no other direct measurements are available regarding the gas composition along the entire margin. So, we considered a pure methane hydrate that is more sensitive to climate change, as demonstrated by several authors (e.g., [46] ). Geosciences 2019, 9, x FOR PEER REVIEW 6 of 14 
Results
The depth of the base of GHSZ for the Scenario S0 is mapped in Figure 3 . With sufficient methane, gas hydrate could form from the seafloor down to 580 m b.s.f. along the lower slope, in which bathymetric depths are as great as 6 km. The results of our modelling are in agreement with geophysical data, as reported in Coffin et al. [50] . Travelling to the east, along the upper slope, the base of the GHSZ becomes shallower until it intersects the seafloor at about 500 m b.s.l. (Figure 3 ). The area of this intersection is the most sensitive to seafloor temperature variations due to its smaller thickness, as observed by Marín-Moreno et al. [51] . To assess the error in modelling, we consider the error estimated by seismic velocity model perturbation to be 5% because the geothermal gradients 
Modelling
We adopted a steady state approach to model the base of the GHSZ assuming that: (a) a seabed temperature perturbation drives heat and has sufficient time to diffuse through the entire GHSZ; (b) during that time gas hydrate does not form or dissociate within the GHSZ; and (c) there is no latent heat. First, we simulated the present-day conditions in order to evaluate the zones where gas hydrate stability is verified (hereafter called "Scenario S0") using the above described data. The base of the GHSZ was defined as the intersection between the gas hydrate stability curve and the geothermal curve (i.e., [18, 47] ). The modelling considers Sloan equations [3] , concerning gas hydrates equilibrium phases, and Dickens & Quinby-Hunt formula [48] , which considers different salinity values. Applying this approach, the depth of the base of GHSZ (z GHSZ ) was calculated by solving the following equation:
where z w is the water depth (m), T 0 is the seafloor temperature ( • C), GG is the geothermal gradient ( • C/km) and w is the water density (i.e., [46] ). The input data for this calculation were the above described manipulated dataset, described in Section 2.1. Considering the Intergovernmental Panel on Climate Change (IPCC) [5] and National Aeronautics and Space Administration (NASA) [49] forecasts for future global warming, we simulated the effects of climate change on the GHSZ. More precisely, we considered different seafloor temperature increases (∆T) and different sea level rises (∆s.l.), for 50-and 100-year-long terms. Based on the above cited forecasts, the following scenarios were modelled:
Scenarios in 50 years:
Scenarios in 100 years:
Results
The depth of the base of GHSZ for the Scenario S0 is mapped in Figure 3 . With sufficient methane, gas hydrate could form from the seafloor down to 580 m b.s.f. along the lower slope, in which bathymetric depths are as great as 6 km. The results of our modelling are in agreement with geophysical data, as reported in Coffin et al. [50] . Travelling to the east, along the upper slope, the base of the GHSZ becomes shallower until it intersects the seafloor at about 500 m b.s.l. (Figure 3 ). The area of this intersection is the most sensitive to seafloor temperature variations due to its smaller thickness, as observed by Marín-Moreno et al. [51] . To assess the error in modelling, we consider the error estimated by seismic velocity model perturbation to be 5% because the geothermal gradients were obtained from seismic data [22] , and the error in bathymetric data as 1.5% in agreement with Tinivella et al. [18] .
were obtained from seismic data [22] , and the error in bathymetric data as 1.5% in agreement with Tinivella et al. [18] . 5 show the results of our modelling for present and future scenarios. For each of them, it was possible to model and calculate the thickness of the GHSZ. For future scenarios, these values were compared to the present Scenario S0, in order to observe possible variations in terms of thickness. Figure 4 shows for each scenario the average water depth at which the base of the GHSZ intersects the seafloor, considering the estimated error. Figure 5 reports for each scenario the average thickness of GHSZ sampled every 100 m.
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Figures 4 and 5 show the results of our modelling for present and future scenarios. For each of them, it was possible to model and calculate the thickness of the GHSZ. For future scenarios, these values were compared to the present Scenario S0, in order to observe possible variations in terms of thickness. Figure  4 shows for each scenario the average water depth at which the base of the GHSZ intersects the seafloor, considering the estimated error. Figure 5 reports for each scenario the average thickness of GHSZ sampled every 100 m. 
Discussion
The modelling results show that the predicted changes in climate could affect gas hydrate stability in the Chilean margin. Due to the small modelled increase in sea level, the S2 and S5 scenarios show a negligible variation compared to S0 (Figures 4 and 5) . In addition, S3 and S6 show a negligible variation compared to S1 and S4, respectively (Figures 4 and 5) . Considering different temperature increases (S1 and S4), the modelled GHSZ would be reduced in terms of thickness and the average water depth for stability conditions would be greater with respect to S0. Table 1 . Amount of gas released by thermal dissociation of gas hydrate, considering a porosity of 40% and a mean hydrate saturation of 3% according to the minimum value proposed by [21, 30] . Figures 4 and 5 show the results of our modelling for present and future scenarios. For each of them, it was possible to model and calculate the thickness of the GHSZ. For future scenarios, these values were compared to the present Scenario S0, in order to observe possible variations in terms of thickness. Figure  4 shows for each scenario the average water depth at which the base of the GHSZ intersects the seafloor, considering the estimated error. Figure 5 reports for each scenario the average thickness of GHSZ sampled every 100 m. 
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Discussion
The modelling results show that the predicted changes in climate could affect gas hydrate stability in the Chilean margin. Due to the small modelled increase in sea level, the S2 and S5 scenarios show a negligible variation compared to S0 (Figures 4 and 5) . In addition, S3 and S6 show a negligible variation compared to S1 and S4, respectively (Figures 4 and 5) . Considering different temperature increases (S1 and S4), the modelled GHSZ would be reduced in terms of thickness and the average water depth for stability conditions would be greater with respect to S0. Table 1 . Amount of gas released by thermal dissociation of gas hydrate, considering a porosity of 40% and a mean hydrate saturation of 3% according to the minimum value proposed by [21, 30] . Figure 5 . Average thickness of GHSZ. In every scenario, the thickness increases from the shelf-upper slope to the lower slope.
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Discussion
The modelling results show that the predicted changes in climate could affect gas hydrate stability in the Chilean margin. Due to the small modelled increase in sea level, the S2 and S5 scenarios show a negligible variation compared to S0 (Figures 4 and 5) . In addition, S3 and S6 show a negligible variation compared to S1 and S4, respectively (Figures 4 and 5) . Considering different temperature increases (S1 and S4), the modelled GHSZ would be reduced in terms of thickness and the average water depth for stability conditions would be greater with respect to S0. Table 1 reports the two future scenarios in which seafloor temperature increase was considered. Global warming initially affects the stability of gas hydrate located in the proximity of the intersection between the base of the GHSZ and the seafloor [51] in the shallow upper slope-shelf. It is worth highlighting that the increase of 2 • C in seafloor temperature (S1) is almost the same observed for S3, where 2 • C temperature increase is combined with a pressure increase due to 1.6 m sea level rise. In both cases, in fact, there would be total gas hydrate dissociation in about 3% of the area in which gas hydrates are stable at present (S0). The effects of global warming in 100 years would be similar but amplified. In fact, in both S4 and S6, there could be a potential release of the gas in 6.5% of the area in which the gas hydrate is stable at present (S0). It is possible to identify two zones (offshore Arauco Peninsula and Valparaíso) in which the intersection between the seafloor and the base of the GHSZ is nearby to the shoreline (close to 10 km; Figure 3 ). Considering this, the potential dissociation could have dangerous consequences for coastal cities and infrastructure because of possible slope instability. Table 1 . Amount of gas released by thermal dissociation of gas hydrate, considering a porosity of 40% and a mean hydrate saturation of 3% according to the minimum value proposed by [21, 30] .
Scenario
Gas At standard pressure and temperature conditions, about 164 m 3 of methane are contained in 1 m 3 of gas hydrate. So, according to our modelling, in the next 50 years, there could be a potential release of 222 km 3 of methane from hydrate dissociation for S1 (Table 1) . On the other hand, in the next 100 years there could be a potential emission of 950 km 3 of methane for S4 (Table 1) . However, steady state models, which represent the hydrate system at the equilibrium after a warming or cooling period, could overestimate emission of gas from hydrate. In fact, the non-inclusion of thermodynamics processes, like self-preservation of gas hydrate [52] and the time of propagation of heat through the entire thickness of sediments could lead to a too rapid disappearance of the GHSZ during warming events [53] .
To show clearly the possible effects of global warming, Figure 6 reports the intersections between the seafloor and the base of the GHSZ for all scenarios, focusing on an area characterized by strong slope gradients (35 • -38 • S). Note that the lines related to S0, S2 and S5 roughly overlap as well as S1-S3 and S4-S6, as already discussed; arrows represent the dip direction and their size is directly proportional to the slope degree.
In the selected sector reported in Figure 6 , due to the tectonic-sedimentary configuration, the area is characterized by high angle slopes and, for this reason, unstable in the long term. In fact, high basal frictions in convergent margins give rise to oversteepening and, therefore, more unstable accretionary prisms [40] . If combined with local high sedimentation rate, these two factors could create some critical areas with high risk for slope failure. Several authors have suggested that in the area reported in Figure 6 the above conditions are verified and several slope failures are documented (e.g., [54] [55] [56] ). In fact, more than 60 submarine slopes were mapped in the area between 35 • S to 38 • S. Among these, Valdes Slide, Reloca Slide and the Northern, Central and Southern Embayments are the most noticeable lower-continental slides because of their size and volume [54] [55] [56] [57] . In addition, most of the slope failures mapped in this area are related to submarine canyons, mainly on the upper-continental slope [56] . These critically-stable continental slopes are more susceptible areas to slide risk if gas hydrate dissociation is considered [16] . It is important to remind ourselves that the combination of critically-stable slopes and the proximity of the intersections to the coast contributes to define the potential instability of this area.
In Figure 6 , average slope values along the modelled intersections are about 10 • , up to 20 • at submarine canyons (e.g., Bío Bío Canyon). It is clear that the effect of the temperature increase modelled in S4 and S6 could be potentially more critical in the proximity of the high degree slopes, located not far from the coast. Also, active and fossil fluid venting, such as authigenic carbonates, along the upper slope between 36.5 • and 36.8 • S seems to contribute to the potential weakening of sediment cohesion and help trigger submarine landslides [58] . Moreover, the critical submarine slope issue should be linked to the high seismicity characterizing the Chilean margin. In fact, areas characterized by high basal friction coefficients and steep slopes ( Figure 6 ) could be particularly sensitive in case of an earthquake, promoting slides with potential gas hydrate dissociation. In particular, the selected area has been affected by the strongest earthquakes ever recorded, such as the Mw 9.5 (1960) and the Mw 8.8 (2010) events, both with very shallow hypocenters [59] (Figure 6 ).
Recent studies show that slope stability in active margins is higher due to seismic strengthening, hence suggesting an inverse relationship between seismicity and submarine landslides [60] [61] [62] . Despite that, different authors [61, 63] show that high sedimentation rates in continental slopes seem to be able to counteract seismic strengthening, which is thought to be particularly high in this sector, as mentioned before.
Finally, it is worth mentioning that, as already remarked by several authors (e.g., [19] ), an earthquake could trigger gas hydrate dissociation. So, better understanding of the link between gas hydrate, slope stability and earthquakes is required. Recent studies show that slope stability in active margins is higher due to seismic strengthening, hence suggesting an inverse relationship between seismicity and submarine landslides [60] [61] [62] . Despite that, different authors [61, 63] show that high sedimentation rates in continental slopes seem to be able to counteract seismic strengthening, which is thought to be particularly high in this sector, as mentioned before.
Finally, it is worth mentioning that, as already remarked by several authors (e.g., [19] ), an earthquake could trigger gas hydrate dissociation. So, better understanding of the link between gas hydrate, slope stability and earthquakes is required. 
Conclusions
We modelled the GHSZ using steady state modelling to verify where the gas hydrate could be stable along the Chilean margin and to evaluate in first approximation the possible effects of climate change on gas hydrate stability. Based on the model results, it was possible to estimate the thickness of marine sediments in which the conditions for the formation of gas hydrate are met.
Under present-day conditions (S0), depending on methane availability, gas hydrates can form down to 580 m b.s.f., along the lower slope, as confirmed by Coffin et al. [50] . These authors integrated data from seismic surveys, geochemical analysis of porewater samples from piston cores and heat flow probing.
Considering the IPCC [5] and NASA [49] forecasts for the future global warming over the next 50 and 100 years, we simulated the impact of climate change on the GHSZ, for the first time ever for the Chilean margin. The modelled future scenarios, considering an increase in temperature (S1, S3, S4, S6), would indicate total gas hydrate dissociation along the upper slope. This suggests that, despite higher pressure due to sea level rise, the effect of the seafloor temperature increase on gas hydrate stability is significant. Sea level rise seems to be insufficient to counteract the effect of temperature increase, which is primarily responsible for GHSZ thinning [64] .
The potential methane release due to gas hydrate dissociation could cause slope instability. Due to the tectonic-sedimentary configuration, the 35 • S-38 • S sector has been identified as potentially critical for the long term. As a consequence, coastal cities could be seriously damaged if tsunamis were triggered due to gas hydrate dissociation. Furthermore, the high seismicity of this area could significantly affect slope failure and consequently gas hydrate stability. An integrated approach is needed to understand the link between these processes.
In conclusion, our scenarios suggested that climate change could affect hydrate stability in long term. For this reason, transient modelling is necessary to understand how the hydrate dissociation could happen, since it shows how the hydrate system changes during the warming or cooling period until the equilibrium state. Moreover, an integration with geophysical data, in particular seismic data, could contribute to calibrate future models and to make appropriate assumptions on the initial gas hydrate distribution and saturation, which are inhomogeneous from down-slope to up-slope [53, 65] . Furthermore, our steady state modelling demonstrates that more effort should be devoted to gaining a better understanding of the relationship between the gas hydrate system and complex natural phenomena, such as climate change, slope stability and earthquakes. 
